Kivinen, P.; Savin, Alexandre; Zgirski, M.; Törmä, P.; Pekola, Jukka; Prunnila, M.; Ahopelto, J. Electron-phonon heat transport and electronic thermal conductivity in heavily doped siliconon-isulator film Electron-phonon interaction and electronic thermal conductivity have been investigated in heavily doped silicon at subKelvin temperatures. The heat flow between electron and phonon systems is found to be proportional to T 6 . Utilization of a superconductor-semiconductor-superconductor thermometer enables a precise measurement of electron and substrate temperatures. The electronic thermal conductivity is consistent with the Wiedemann-Franz law.
INTRODUCTION
Investigation of the heat transport processes in heavily doped silicon at low temperature is important both for developing various low temperature devices such as hot electron bolometers 1 or microcoolers 2 and also for fundamental physics. Electron-phonon interaction is very weak at low temperature and this leads to a large temperature difference between electron and phonon systems even when a relatively small power is introduced into the system. Therefore hot electron effects can impose constrains on electronic devices and one has to take into account the power consumption per unit volume. Electron-phonon interaction, or more specifically electron-phonon relaxation time e-ph in pure metals is inversely proportional to the number of thermal phonons 3 and therefore e-ph Ϫ1 ϰT 3 for three dimensional ͑3D͒ phonons.
This dependence is experimentally and theoretically well established ͑see e.g., Refs. 4 and 5͒. The situation becomes more complicated when material is disordered. Electron scattering from impurities and boundaries significantly changes the single-particle picture of electron-phonon interaction. Two scattering processes should be taken into account: the ''pure'' electron-phonon scattering, which is the only electron-phonon interaction mechanism in pure metals, and the inelastic electron scattering from impurities such as defects or boundaries. Depending on the product of thermal phonon wave vector q T and electron mean free path l, one can consider two marginal cases for electron-phonon interaction: clean (q T lӷ1) and dirty (q T lӶ1) limits. Phenomenologically this means that in dirty limit electrons scatter mostly from impurites or defects and in clean limit the dominating scattering is from phonons, but impurities and defects do not play a significant role.
The electron-phonon interaction has been intensively investigated experimentally 3,4,6 -26 and theoretically. 5, [27] [28] [29] Experimental results confirm e-ph Ϫ1 ϰT 3 dependence in pure metals, 4,6 -11 as well as in metal-oxide-semiconductor fieldeffect-transistors ͑MOSFETs͒ 12 and in various heterostructures. [13] [14] [15] Some of the experimental results 3,14,16 -24 report T 2 and T 4 dependencies for e-ph Ϫ1 . This discrepancy of the T dependence can be described by the sensitivity of the electron-phonon interaction in dirty limit to the microscopic parameters of the sample. In the presence of the static scattering potential, e-ph Ϫ1 ϰT 2 is expected. 27 20 for CuCr films, and Ptitsina et al. 21 for Au, Al, Be, Nb, and NbC films. This T 2 behavior can be partly explained by the scattering from the static potential, but this is not the case, e.g., in thin gold film. 18 If the impurities are fully vibrating with the lattice, which is the case in heavily doped silicon, the relaxation rate is proportional to T 4 : e-ph Ϫ1 ϰT 4 l, 27, 28 where l is the electron mean free path. This behavior in dirty limit has been derived by Thouless 29 and Reizer. 5 Gershenson et al. 22 The electron-phonon heat transport in the heavily doped silicon-on-insulator ͑SOI͒ film has been investigated in our work at subKelvin temperatures. In the case of silicon, which is heavily doped with phosphorous (4.0ϫ10 19 cm Ϫ3 ), the electron mean free path l at subkelvin temperature is about a͒ Author to whom correspondence should be addressed; electronic mail: pasi.kivinen@phys.jyu.fi 5 nm 24 and velocity of sound s ϭ5000 m/s. Taking into account that the phonon wave vector q T ϭk b T/ប s we obtain q T lϭ(0.13)T, where T is temperature in Kelvin. This indicates that the electron-phonon processes in our case are well within the disorder limit at subkelvin temperatures (q T l Ӷ1).
The dimensionality of the phonon distribution at low temperature may differ from 3D in thin films which affects the temperature dependence of e-ph . The phonon wavelength depends on temperature, and when the film thickness is of the same order of magnitude as the phonon wavelength, the dimensionality of the phonon system changes. 30 The acoustic mismatch between the film and the substrate also affects the dimensionality of the phonons in the film. Generally a good coupling between the phonons in the substrate and in the film eliminates the low dimensionality effect. The thickness of the SOI film investigated in this work was 70 nm. The possible acoustic mismatch is negligible between heavily doped silicon and SiO 2 due to the acoustic similarity of these materials and it is reasonable to assume that electrons interact with 3D phonons. Heavily doped Si investigated in the present work is in the dirty limit at subKelvin temperature and the phonon system has a complete phonon drag, therefore according to the theory 5,27,29 the electronphonon interaction relaxation time e-ph Ϫ1 is supposed to be proportional to T 4 .
SAMPLES AND THERMOMETRY
The widths of the SOI films under investigation were 30-60 m and the length of the films exceeded 1500 m. The thickness of the film was 70 nm and the electron concentration was 4.0ϫ10 19 cm Ϫ3 . The thickness of thermal oxide on top of the SOI film and the buried oxide layer was 68 and 400 nm, respectively. At 4.2 K the resistivity of the film was 1.04 m⍀ cm and the Fermi level given by the free electron formula is E f Ϸ40 meV. The electron mean free path in heavily doped silicon is lϷ5 nm. 24 The sample fabrication has already been described in detail elsewhere. 31 The measurements were performed in a 3 He/ 4 He dilution refrigerator.
The electrons in the SOI film were heated above the lattice temperature by electric current. The electron temperature was measured by superconductor-semiconductor ͑heavily doped Si͒-superconductor ͑S-Sm-S͒ junctions, which were calibrated against the RuO thermometer mounted on the copper sample holder. In the S-Sm-S structure the quasiparticle tunneling across the junction is sensitive to the electron temperature. The current-voltage characteristics of the S-Sm-S structure with two 3ϫ3 m 2 junctions are shown in Fig. 1͑a͒ . They exhibit strong temperature dependence below the critical temperature of the superconductor. When the S-Sm-S structure is biased with constant current I 0 ͓see inset in Fig. 1͑b͔͒ the voltage over the junctions is a function of the electron temperature in the silicon film ͓see Fig. 1͑b͔͒ . The bias current I 0 was few orders of magnitude smaller than the current used for the electron heating in the Si film and therefore the possible heating by the bias current can be neglected.
ELECTRON-PHONON INTERACTION
At low temperature we consider electrons having a welldefined temperature, because the electron-electron interaction time ( e-e ) is supposed to be significantly smaller than the electron-phonon interaction time ( e-ph ). The heat flow from electrons to phonons can be described by a model, 15 where electrons have heat capacity C e ϭ␥T e and the change of the electron temperature is determined by dPϭ e-ph Ϫ1 C e dT e . By substituting e-ph Ϫ1 ϭ␣T p , we obtain
where P is the heat flow from electrons to phonons, ⌺ is a material-dependent constant characterizing the electronphonon coupling: ⌺ϭ␣␥/(pϩ2), ⍀ is the volume, and T e (T ph ) is the electron ͑phonon͒ temperature. The measurements of the electron-phonon coupling constant in SOI films have been done at substrate temperature between 100 and 500 mK. The heating current was swept slowly and the electron and phonon ͑actually temperature of the silicon bar near to the sample, see Fig. 2͒ temperatures were measured simultaneously. In our experiment an additional S-Sm-S thermometer, which was electrically isolated from the silicon film, was placed near the Si film ͑see Fig. 2͒ . Below 1 K the electron-phonon thermal resistance in silicon is considerably larger than the Kapitza resistance between the silicon film and the silicon oxide layer, and therefore the S-Sm-S thermometer next to the silicon film is assumed to be at approximately the same temperature as the phonon system in the silicon film.
The electron and phonon temperatures as functions of the heating power are plotted in Fig. 3͑a͒ . The bath temperature is 168 mK. At power density of 1ϫ10 5 W/m 3 the electron temperature is about twice above the bath temperature. Experimental P(T el ) dependence well corresponds to the theoretical behavior ͓Eq. ͑1͔͒ with pϭ3 if we assume T ph ϭT bath ϭconst. 31, 32 However, it can be seen from Fig. 3 that the phonon system in the SOI film is overheated and the increase of phonon temperature is comparable to the change of the electron temperature in the most of the heating range.
Therefore we cannot consider the phonon temperature to be constant and equal to the bath temperature. The heating power density is plotted against (T e 6 -T ph 6 ) in Fig. 3͑b͒ . The dependence is linear in this scale and it indicates that the heat flow between the electron and phonon systems has a T 6 dependence. This corresponds to e-ph Ϫ1 ϰT 4 for the electronphonon interaction relaxation time or in other words the microscopic dimensionality parameter p in Eq. ͑1͒ equals 4. This result is in agreement with the theoretical result for dirty systems with full phonon drag of ionized impurities. 5, 29 The ⌺ derived from the data presented in Fig. 3͑b͒ is 2 ϫ10 8 W/K 6 m 3 . If we compare this value with recent experimental values for thin Hf films, 22 we find that ␣ in our case is at least 2 orders of magnitude higher. However, the electron-phonon coupling, which is characterized by ⌺, is actually the same order of magnitude. This is due to significantly smaller electron density in our doped Si samples compared with Hf.
ELECTRON THERMAL CONDUCTIVITY
Thermal conductivity in degenerate silicon at low temperature is an essential issue in the design of nanoscale devices. At low temperature the electron thermal conductivity often determines the heat transport. According to the Wiedemann-Franz law, the ratio of thermal and electrical conductivities is proportional to temperature and the constant of proportionality is called the Lorenz number L, whose theoretical value is L 0 Ϸ2.44ϫ10 Ϫ8 W/K 2 . This is the case, when the electron gas is highly degenerate and the electron mean free path is the same for electrical and thermal conductivities. Deviation from the theoretical value L 0 may have several origins. The impurities, presence of magnons, and phonon contribution to thermal conductivity affect the value of the Lorenz number. 33 Generally the Wiedemann-Franz law is valid for degenerate semiconductors at low temperature. Syme et al. 34 measured the electronic thermal conductivity in a two-dimensional electron gas in n-channel MOS-FETs at low temperature ͑1-10 K͒ and the measured temperature dependence of the electronic thermal conductivity was in agreement with the Wiedemann-Franz law.
The results of our electron-phonon heat transport measurements in SOI films allow us to estimate the electronic thermal conductivity from the nonuniform heating experiments. The data reported above can be used for calculation of the heat flow between electron and phonon systems and provide information about contribution of the electronic thermal conductivity in thermal transport. Contrary to the electron-phonon coupling the temperature gradient along the SOI film is the essential condition for the electronic thermal conductivity measurement. In a steady state the heat flow in the electron system can be determined by the thermal conductivity along the silicon bar and by the energy flow rate between electrons and phonons 34
where (T) is the electron thermal conductivity and w ep is power density P e-ph /⍀, i.e., heat flow between electron and phonon systems per unit volume. If we assume validity of the Wiedemann-Franz law, the electron thermal conductivity can be presented in the form
ϭLT, ͑3͒
where is the electrical conductivity. Taking into account the linear temperature dependence of electron thermal conductivity, Eq. ͑2͒ can be presented in the form
and finally, taking into account boundary conditions for a very long sample
where (x 2 Ϫx 1 ) is the distance between two points along the bar and T 1 and T 2 are the corresponding electron temperatures. In other words integral I 2 on the right side depends only on the distance between two points along the bar. For the two fixed points x 1 and x 2 the value of the integral is constant in the whole range of the power applied to the system. This is valid only for very long samples and moderate energy flow in the system. The sample used for the measurement is depicted in Fig.  4 . The silicon bar was 30 m wide and S-Sm-S thermometers T 1 and T 2 used for the measurement were placed 40 m apart. To obtain the temperature profile along the silicon film, one usually measures the electron temperature in several points along the line. In our experiment we used only two S-Sm-S thermometers for measuring temperature gradient along the sample, and one thermometer at the ''cold'' end of the sample. The heating power was slowly swept and the electron temperature in two points along the bar (T 1 and T 2 ) was recorded. If we suggest that the temperature T 2 is determined only by temperature T 1 ͑very long sample͒, using these data we can plot the model temperature decay along the bar ͑see Fig. 5͒ : the circles are the measured electron temperature values and the solid line corresponds to the analytical solution of Eq. ͑2͒. The only fitting parameter is the Lorenz number L, which is 2.45ϫ10 Ϫ8 W ⍀ K Ϫ2 . The result of the fitting may be considered as rather good, but the actual deviation of the calculated (T e -T bath ) from experimen-tal data is rather large for large x values. As we demonstrate below, the analysis based on the electron temperature measurements in two points along the bar as a function of power applied to the electron system and the calculation of the integral from Eq. ͑5͒ is more sensitive to any deviation from the Wiedemann-Franz law. The temperature of the S-Sm-S thermometer T 2 situated in point x 2 ͑see Fig. 4͒ is plotted as a function of T 1 in Fig. 6͑a͒ . The Lorenz number L, which was calculated from this dependence on the basis of Eq. ͑5͒ ͓in Eq. ͑5͒ the integral on the right side depends only on the two temperatures T 1 and T 2 ], is plotted as a function of the electron temperature T 1 in Fig. 6͑b͒ . The Lorenz number slightly increases with the increase of the heating power at T 1 Ͻ2T sub and demonstrates very rapid growth when the electron temperature exceeds the substrate one by a factor of 2.
In calculating the value of the Lorenz number we assume that the phonons in the silicon film are similarly heated as in the electron-phonon interaction measurement, but this assumption might be incorrect. The phonon contribution to the thermal conductivity leads to an increase of the Lorenz number derived from Eq. ͑5͒. Parallel heat conductivity in substrate is probably responsible for the observed increase of the Lorenz number. The heat flow in the phonon system leads to an additional increase of the phonon temperature and to a decrease of the heat flow from the electron system and the value of I 1 ͓see Eqs. ͑1͒ and ͑4͔͒.
The circles in Fig. 7͑a͒ represent the phonon temperature in the electron-phonon interaction experiment as a function of the electron temperature and correspond to a uniform heating of the SOI film. The solid line is the model temperature dependence for the phonon overheated due to a parallel thermal conductivity. By introducing the parallel heat conduction model the situation is improved ͑see Fig. 7͑b͒͒ . Integral I 1 is calculated using T e and T ph from the electronphonon coupling measurement for the low temperature range, but above 300 mK a higher value of the phonon temperature is used for calculations. In the temperature range below 300 mK phonons are overheated above the substrate temperature in the same manner as in the electron-phonon interaction measurement and we can neglect the effect of the phonon thermal conductance. At higher temperature phonon system is heated more strongly and the phonon temperature approaches the electron temperature. Physically this means that the parallel heat conductivity of the phonon systems in substrate and in the SOI film starts to dominate in the heat transfer process at higher temperature. By this assumption an agreement with the Wiedemann-Franz law is achieved.
CONCLUSIONS
Heat transport properties of the electron system in degenerate n-type silicon have been studied. The lattice in heavily doped silicon film is heated above the substrate temperature, which must be taken into account in the analysis. The heat flow between electron and phonon systems demonstrates a T 6 dependence, which is in accordance with the theoretical prediction for a dirty system. The electron thermal conductivity dominates at low temperature and parallel heat conduction in the phonon system must be taken into account at temperatures above 300 mK. Taking into account the phonon overheating in the SOI film due to parallel heat conduction drastically improves the agreement of the experimental data with the Wiedemann-Franz law.
